This journal is © The Royal Society of Chemistry [year] convergence problems. or whether one has to resort to QM/MM modeling which includes the full protein molecule. 1 We consider the multicopper oxidases (MCOs) as an excellent example to address 45 this question. MCOs are enzymes that couple four one-electron oxidations of a substrate with the four-electron reduction of molecular oxygen to water 9, 10 O 2 + 4e -+ 4H + → 2H 2 O (1) 50 This reaction takes place at a trinuclear copper cluster (TNC), whereas the substrate is oxidized at a type 1 copper site (Cu-T1) which is ~13 Å away from the TNC and is linked to it via bifurcated (Cu-TNC) 2 -(His) 2 -Cys-Cu-T1 link. The link is assumed to provide the electron transfer (ET) pathway between the two sites. The key aspects of the MCO reaction mechanism have been revealed by combining 55 spectroscopic 11, 12, 13 and structural 14, 15 information with QM/MM calculations, 16 mostly for the prototypical enzyme of the MCO family -laccase. 17, 18 The QM/MM calculations were further supported by multireference calculations of the MCO spectroscopic properties 19 and combined extended X-ray absorption fine-structure EXAFS/QM/MM calculations. 20 This has led to the consensus reaction mechanism 60 depicted in Figure 1 . The reaction starts with the fully reduced form of the enzyme, presumably with a water molecule weakly coordinated to the type 2 copper (Cu-T2) ion and no bridging moiety between the two type 3 copper (CuT3) ions. 16, 21 The incoming dioxygen is immediately reduced, giving a peroxide-level intermediate (PI), 11 with a peroxide ion bound in the centre of the TNC. The reaction is completed by the uptake of one electron from Cu-T1 site (resulting in an activated peroxy intermediate NI') to yield the native intermediate (NI), 13 a spectroscopically characterized, catalytically relevant, fully oxidized form of the enzyme. The NI has one µ 3 -oxo ligand bridging all three copper ions and a µ 2 -hydroxo ligand bridging the two CuT3 ions. 16, 19 The resting oxidized state is sugested to not be involved under catalytic turnover 75 conditions 13 since its transformation into the fully reduced form is too slow compared to the overall reaction rate. The mechanism in the form depicted in Figure  1 was first proposed by Rulíšek et al., 16 later confirmed experimentally by Yoon et al., 22 and has been thoroughly reviewed recently. 21 80
Figure 2:
Overstabilization of the product state may lead to an artificial lowering of the activation barrier. 26 A similar effect was recently shown on the model reactions of boron compounds. 23 The energetics of the O 2 -cleavage reaction step (NI' → NI pathway) was recently 85 studied in detail by Yoon and Solomon 24 using a cluster model (i.e., a truncated system representing active site with many atoms at the edge of the QM system fixed at their crystallographic positions) and an activation barrier of ~20 kJ.mol -1 was found, indicating a facile reaction. However, there are three issues related to the presented MCO reaction coordinate worth to address by QM/MM calculations that This journal is © The Royal Society of Chemistry [year] consider the whole protein. First, in the cluster model, one has to fix atoms at the borderline of the QM system, an approximation that is automatically taken care of (avoided) in the QM/MM calculations. 25 and one may expect this large exothermicity is even more buffered by the protein. In our opinion, this large thermodynamic driving force in the MCO cluster model may imply an artificial lowering of the activation barrier, according to the Hammond postulate (see Figure 2 ). 26 The accuracy of the cluster-model approximation is even more relevant for MCOs 100 (in comparison with other metalloproteins) since the TNC in many of its oxidation and protonation states is inherently unstable in vacuo. 16 Its stability is maintained in the protein by the presence of neutralizing carboxylate residues that are conserved in MCO family 16 and four His-X-His motifs (with His being ligands of copper ions in TNC) that are sewing the TNC site together. This raises the second issue, namely 105 what size of the model system is needed in QM calculations. Only after explicitly including carboxylate moieties into the calculations were correct structure of the PI obtained in the QM calculations. 24 Finally, despite DFT methods are widely used in the calculations of bioinorganic systems and most often provide results of satisfactory accuracy, one may attempt to carefully benchmark them, especially for 110 systems with complicated electronic structures like the exchange-coupled copper ions in oxidized TNC. The aim of this work is to perform a careful investigation of the O 2 cleavage reaction in the MCOs --by QM/MM methods, performing a structural and energetic characterization of the activation barriers for various protonation states of the active 115 site, complementing the in vacuo data obtained by Yoon and Solomon. 24 The QM/MM description quite naturally includes both electrostatic and sterical effect of the protein environment and can in principle yield correct energetics along the reaction pathway. Moreover, we also attempt to estimate entropic contributions acquired from a cluster model and to benchmark DFT methods by high-level 120 multireference ab initio calculations. This can complete our understanding of the reaction mechanism of MCOs at the theoretical level that includes full protein environment.
Computational Details

125
Combined Quantum Mechanical and Molecular Mechanical Calculations
All QM/MM calculations were carried out using the COMQUM program. 27, 28 It is a combination Turbomole 5.7 29 for the QM part with AMBER 8 30 and the Cornell et al. force field 31 for the MM part. In this approach, the protein and solvent are split into three subsystems: The QM region (system 1, S1) contains the most interesting 130 atoms and is relaxed by QM/MM forces. System 2 consists of all residues within 6 Å of any atom in system 1 and is relaxed by a full MM minimization in each step of the QM/MM geometry optimization. Finally, system 3 contains the remaining part of the protein and surrounding solvent molecules, and is kept fixed at the original coordinates. In the quantum chemical calculations, the QM system is represented by energy is then calculated as:
where E QM1 is the QM energy of system 1, including a point-charge model of the 140 surroundings (electric embedding), E MM123 is the MM energy of the full system, but ignoring the electrostatic interactions between system 1 and the other systems (to avoid double-counting), and E MM1 is the MM energy of system 1. The computational protocol is essentially identical to the one used previously in characterization of key intermediates in MCO 16 . In Ref. 16 , further details of QM/MM procedure can be 145 found.
Protein Setup
All QM/MM calculations are based on the 1.4-Å structure of CueO (PDB code 1KV7). 32 This structure was selected because it had the best resolution among the published MCO structures at the beginning of this investigation. In addition, it is a 150 monomer and lacks glycosylated surface residues, which are common in the eukaryotic proteins. Hydrogen atoms were added to the crystal structure and the total system was solvated in a sphere of water molecules with a radius of 38 Å. The positions of the hydrogen atoms and solvent water molecules were then optimized by a 90-ps simulated-annealing calculation with molecular dynamics followed by a 155 conjugate-gradient energy minimization of their positions. We assumed the normal protonation state at pH 7 for all amino acids, except for the copper-bound Cys residue, which was assumed to be deprotonated. For the His residues, the protonation status was decided form a detailed study of the hydrogen-bond network around the residue and the solvent accessibility. Thus, His-71, 111, 113, 393, 395, 160 446, and 448 were assumed to be protonated on the N δ 1 atom, His-73, 390, and 452 on the N ε 2 atom, and the other eight His residues on both these atoms. The space created by a disordered loop, missing in the CueO crystal structure (residues 380-402; more than 22 Å from the trinuclear copper cluster) was filled by water molecules. System 1 (the QM system) consisted of the following residues: the three 165 copper ions of TNC and their eight His ligands, O 2 or water derived ligands of the three copper ions, two carboxylate groups close to the TNC (Asp-82 and Glu-453), as well as three water molecules bridging between them with the TNC. The size of the quantum system was approximately 105 atoms (cf. Fig. 3 ).
Quantum chemical calculations 170
All quantum chemical calculations were performed at the density functional theory (DFT) level. Geometry optimizations were carried out using the Perdew-Burke-Ernzerhof (PBE) functional. 33 The DFT/PBE calculations were expedited by expanding the Coulomb integrals in an auxiliary basis set (the resolution-of-identity approximation, RI-J). 34, 35 All the geometry optimizations were carried out using the 175 6-31G(d) basis set for all atoms, 36 except for copper, for which we used the DZP basis sets of Schäfer et al. 37 (referred to as the DZP basis set). More accurate energies were then estimated by single-point calculations using a larger basis set: the def2-TZVP 38 and Becke's three-parameter hybrid functional (B3LYP). 39 The structures were optimized until the change in energy between two iterations was 180 below 0.026 J.mol -1 (10 -8 a.u.) and the maximum norm of the internal gradients was below 5.0 kJ.mol -1 Å -1 (10 -3 a.u). Zero-point energies, thermal corrections to the Gibbs free energy, and entropic terms were obtained from a normal-mode analysis on small in vacuo models (unlike system 1 in QM/MM model, these models do not contain carboxylate groups and two additional waters) of the active site (i.e. ~85 185 atoms) using the same method and software as for the geometry optimizations. They were calculated at 298.15 K and 1 atm pressure, using an ideal-gas, rigid-rotor harmonic-oscillator approximation. 40 All the calculations were carried out for the antiferromagnetically coupled S = 1/2 potential energy surface, which is a ground state for both reactants and products. In DFT, it rather means a M S =1/2 state, since 190 we use the spin-flipped Kohn-Sham determinants starting from the unrestricted highspin configurations. The complete active space self-consistent field (CASSCF), 41 and complete active space second-order perturbation theory (CASPT2) 42 calculations were carried out using MOLCAS 7.0 program. 43 The active space comprises fifteen electrons 195 distributed in nine orbitals as schematically shown in Figure 3 . In all the stateaveraged CASSCF calculations (over the two near degenerate doublet states), a level shift of 5.0 a.u. was used to improve the convergence of the multireference wave function. In the CASPT2 calculations, an imaginary level shift of 0.2 a.u. was used to eliminate intruder states. 44 The ANO-S basis set 45 
Scans of QM/MM potential energy. Approximate transition states in QM/MM models
Due to the lack of the QM/MM analytical second derivatives in ComQum, two different strategies for mapping QM/MM potential energy surface and searching for 210 transition-state structures along reaction coordinates were adopted in this study. The first (and more conventional) approach (cf. Figure 4A ) starts from the reactant structure (NI') and scans the elongation of the O-O bond. Once product structure is reached, scan in the reverse direction is carried out. These forth and back scans should converge to a potential-energy profile independent of the starting (i.e. 215 reactant or product) structure. The disadvantage of such procedure is the relatively slow convergence to a stable pathway. Alternatively, another strategy in the search for the QM/MM TS was adopted (cf. Figure 4B ), which can be described as follows:
This journal is © The Royal Society of Chemistry [year] (i) the TS of the gas-phase cluster (in vacuo QM model) with one imaginary frequency is found; (ii) QM/MM optimization of the whole protein is carried out 220 with the key atoms in the quantum regions (S1) restrained to the TS obtained in QM model (i.e., distances between the Cu1, Cu2, Cu3, O1 peroxo , and O2 peroxo atoms); (iii) the QM/MM optimization is repeated but now only with one restrained distance between two oxygen atoms in peroxo species (d O-O ). Starting from this structure (denoted as S i ), two nearby structures (S of O-O bond. The product of the reaction is the experimentally characterized NI in 245 the µ 3 -oxo binding mode of O 2which was shown to be energetically most favorable than three µ 2 -hydroxo bridges on all three Cu-Cu sides. 16 Figure 5 : The QM/MM optimized structures for two of the six studied NI' → NI reaction pathways (O2 cleavage in MCOs), starting from the two states with the Cu-T2 ligand H2O and with either O2 2- or HO2in the centre of the TNC cluster. All distances are in Å. 250 The calculated activation barriers and reaction energies are listed in Tables 1 and 2, respectively. These include the total QM/MM energies and the non-electrostatic (steric) MM contribution to the total QM/MM energy, E MM term (E MM = E MM123 -255 E MM1 ). The third term in Eqn. 1, the quantum mechanical energy with the point charges included in the one-electron Hamiltonian (the QM energy, including the electrostatic stabilization of quantum system by the surrounding protein), E QM1 , is not included since it can be trivially calculated as the difference of the E QM/MM and E MM terms. For comparison, the single-point energies at the optimized QM/MM 260 geometries of S1 for the same reaction step in vacuo are also given (E QM/vac ). Table 3 ). The geometries were optimized at the QM(RI-PBE/DZP)/MM level whereas the single-point energies were recalculated at the QM(B3LYP/def2-TZVP)/MM level. For each system two rows of numbers are introduced, first row corresponds to results obtained from scan B, the second row to results obtained from scan A (both procedures are depicted in the Figure 4 and described in Section 2.4.). 270 The total energies of the reactants (NI') are set to zero. All values are in kJ.mol -1 .
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Cu-T2 ligand
Central ligand 11, 16 Our preliminary calculations indicate that reducing PI to NI' would significantly shift the pK a value of the central O 2 2ligand from 0 to 11, and therefore, we expect that reduction of T23 site is immediately followed by protonation of O 2 2-. However, it is not fully 280 clear whether the proton is taken from the Cu-T2 ligand or from the surrounding protein, e.g. from two carboxylate moieties that are part of our QM/MM system (cf. Figure 5 ). Xxx Our estimated pKa of T2-water is 13 with PB and -6 with GB for NI'-HO2. they agree with you that NI(Oh,OH,O) is more stable than NI(H2O,O,O) As can be seen in Table 2 the calculated thermodynamic driving force for the NI'{HO -,-,O 2 H -} → NI{OH -,OH -,O 2-:C} reaction is ΔG QM/MM = 88 kJ.mol -1 (ΔE QM/MM = 101 kJ.mol -1 ) which lowers the exothermicity of the reaction by ~120 kJ.mol -1 compared to the QM cluster model. 24 This fact demonstrates the role of the 305 enzyme in buffering the excess reaction energy of this highly exothermic reaction.
In conclusion, the QM/MM calculations suggest that the most plausible reaction pathway is the NI'{OH -,-,O 2 H -} → NI{OH -,OH -,O 2-:C}. This reasoning is similar to the discussed high-and low-pK a pathways reported by Yoon and Solomon in their QM study 24 of the O 2 cleavage. However, the QM/MM calculations predict a more 310 important role of the protonation of the peroxide than the QM calculations do (the ΔΔE QM ≠ between the pathways with and without a proton was only 0.5 kcal.mol -1 ). 24 In Table 2 we collected the calculated reaction energies for the six studied pathways. In contrast to the activation barriers (Table 1) An analysis of effects that cause these significant differences in reaction energies is not straightforward. However, some differences can be inferred from geometrical parameters of the active site depicted in Figure 5 . statistics could partially reduce such large differences in reaction energies but it is necessary to add in defense of the static QM/MM approach that many different initial QM/MM structures tend to converge to similar conformations. If there are larger conformational differences (deduced from Δ(E MM123 -E MM1 ) term) they are usually compensated by other contributions (see Table S1 ). Xxx I think we should 330 use the QM/MM-PBSA and QTCP methods on your structures to obtain more stable estimates, including dynamic effects outside the QM system. If you send us your structures, we can do that, or I may instruct Martin how to do the calculations. 
Cluster model: Entropy contributions
In this study we address the reactivity of different states of the NI' intermediate and attempt to elucidate the most favoured pathway. Since the differences in the TS 345 barriers between the pathways are relatively small one has to consider also the entropic and thermal enthalpic (further denoted ΔΗ therm )) contributions that need to be added to electronic energies to obtain estimated Gibbs free energies. The entropic term is very sensitive to low-frequency modes in the vibrational partition function and therefore to proper description of geometry of the structure (i.e., local minima 350 and first-order saddle points on the potential-energy surfaces must be exactly defined within the approximation), which is problematic in case of our ComQum QM/MM scheme. Therefore, we used small in vacuo QM models of the active site (see methodological section) to estimate entropy and thermal enthalpy changes (ΔΗ−ΤΔS) in the protein. We believe such a simplification is reasonable since large 355 conformational changes are not assumed to occur in the protein except for the active site. This assumption can be supported by the fact that the steric MM energy changes are mostly within 10 kJ.mol -1 .
In . As for reaction energies, the general trend is in accordance with the previous discussion: the NI products are significantly more stable in reference to NI' reactants using the gasphase QM models compared to the corresponding QM/MM models. It is in 385 agreement with above mentioned Hammond's postulate and our previous observations: 23 the overstabilization of the product state leads to an artificial lowering of the activation barrier (as depicted in Figure 2 ). Finally, it can be also mentioned that the solvation effect represented by implicit solvent model (COSMO) 47 with permittivity 4 or 20 is rather small (cf . Table S3 ). Therefore, we
This journal is © The Royal Society of Chemistry [year] may conclude that explicit inclusion of the whole protein and solvent water molecules by means of QM/MM scheme leads to significantly improved energies. The multireference CASSCF/CASPT2 calculations
The accuracy of CASSCF/CASPT2 method applied to reactions with large change in molecular electronic structure, i.e. processes in which bonds are broken or/and formed, strongly depends on a selected active space. In an optimal case, a full valence active space should be sufficient for accurate prediction of energetics of 405 reaction. Unfortunately, such an active space is prohibitively too large to be computationally manageable for even a minimalistic model of bioinorganic complexes (e.g., an active site of metalloenzymes). In this study we attempted to estimate activation barriers and reaction energies of gas-phase models of the studied NI' → NI reaction at the CASSCF/CASPT2 level. As mentioned in the 410 Computational Details section we considered the distribution of fifteen electrons in nine MOs: six in O 2 moiety (i.e., σ, 2π, 2π*, σ*) along with 3d Cu orbitals as an adequate (minimal) active space. We may present, at the moment, the first value obtained for the NI'{H 2 Table 3 for this pathway. A full set of CASSCF(15-in-9)/CASPT2 values is, however, necessary, to make conclusive observations.
Conclusions
420
In the current study, we investigated in detail the reductive cleavage of the O-O bond by MCOs using QM/MM method and compared the calculated data with their counterparts obtained using cluster model (QM). We have shown that the most favorable pathway involves protonation of the peroxide moiety within the TNC by the proton most likely originating from the Cu-T2 water molecule and its subsequent 425 cleavage. The calculated activation barriers are in a good agreement with the experimental barrier and it is shown that only by including the whole protein (via QM/MM approach), we were able to buffer the large exothermicity of the reaction.
We have also demonstrated that the entropic and thermal enthalpy corrections are This journal is © The Royal Society of Chemistry [year] not playing crucial role in distinguishing between the studied pathways though they 430 correct the calculated barriers by 5-20 kJ.mol -1 on an absolute scale. Finally, an attempt is presented to carry out the CASSCF/CASPT2 calculations for the studied reaction in order to validate the (in principle single-determinantal) DFT method used and the preliminary results show a reasonable agreement between the two methods.
